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SUl'MARY 

An investigation has bci'-n r-ade of the eif octiveness of v/ater 
injection into the combustion end ?ione of a spark-ignition engine 
C5'linder for the suppression of l<'njck. I'ressure-tixne records 
obtained show tnat injection of y/ater at 60^ B.T.C* on the com- 
pression stroke at a -vvater— fuel ratio of 0,j? rendered M->- fuel as 
good as S-5 fuel from an antikxiock consideration* The o;:)ti!aum 
crank an^?;ie for injectior. of Viiater infco the end zone V'/as found to 
be critical. As tiie injection angle was incre'ised beyond the 
optimum^ the quantit^^ of ".ve'-^- or required to suppress knock increased 
to v/.^ter-fuel ratio ac P.T.C. The wat^'-r quantity could 

not be increased beycnd 3*6 Vv'ator-fuei ratio b>joause of injection- 
puinp limitations; however, a f urtiiei* increase in the injection 
angle up to the earliest angle obtainable, which Y/as 20^ A,T.C. on 
the intake stroke, continuously increased the knock intensity. 

The eiigine oporatinr; conditions of the tests did not simulate 
those encountered in flight, esnccially v/ith rer.ard to the oper- 
ating speed of 3'70 rpm. For this reason the resiilts should only 
be regarded as of theoreti.cal importance unti-I further investi^;?:a- 
tion has been made. 



INTRODUCTION 

The investigation herein describ.vd :';as suggested by observation 
of high-speed photorraphs of combustion in a spark-ignition en^;ine 
cylinder taken with the NACA high-speed camGira at the rate of 
1|0,000 frames per second (reference !)• These photographs con- 
firmed the prevailing opinion that the combustion end zone involved 
in the knock reaction includes only a small fraction of the mass 
of the total c7/linder charge. The photographs also indicated that 
this small fraction of the mass of the total charge is ooL.pressed 
into an extremely small and Y/ell-de fined volume before .taiock occurs. 
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A study of the photographs sucgestod that a great saving in anti- 
Imock additive might bo effected uv injecting tlie additive exclu- 
sively into the ond zone, presumably the only region in which it 
is needed. 

Introduction of water into t]ie corbustion chamber of the 
internai-cornbustion engine for the puroose o l." suppressing knock 
or cooling of the engine parts is very old. In 1913 Hopkinson 
(reference 2) reported successful res ilts of extensive tests with 
large gas engines with which the cooling was entirely by water spray 
on the inner surfaces of the combustion chamber. In 1921 Clerk 
(reference 3) indicated tnat he iiad used wat .^r to suppi-ess extremely 
violent knock in the year 1380* 

More recent investigations of the effect of water and other 
liquids introduc-a into t!ie fuel-air mixture belore aLirission Lnto 
the cylinder on Ir. ock-liirdted and temperaturo-limited pov/er output 
are described in references )4 and The water or other liquids 
used in this manner are termd '^internal coolant." 

The object of the tests r"epor...d ixcrein was to determine the 
value of injection of v/ater into the- end zone, as an antiknock agent. 
The engine used in these tests could not be supercharged and the 
inlet-air temperature could not be raised above room temperature; 
therefore, the effectiveness of t'le water was determined by lowering 
the antilmock value of the fuel. The engine operating speed was 
far below the speeds used in flight. The results should be consid- 
ered only on a theoretical basis until further investigations have 
been made more closely approacninj the operating conditions of 
fliglit. This warning is particul.arly important because difficulty 
may be expei-i-Mtced in applying the metliod to high-speed engine 
operation. 

The tests were performed at the Aircraft Engine Research Labo- 
ratory of the National Advisory Committee for Aerona^vtics during 
late 19'45 3j:id early 19^4 'u 



APP.IRATUS kW PROCEDURE 

The engine used in tije present tests was the NACA combustion 
aoparatus describr-d in reference An injection valve was installed 
in one of ttie cylinder openings to spray v/ater into the last part of 
the cliarge to burn. Photographs Y^err. taken vdth the NACA high-speed 
camera to observe the exact end-'7,one position ani tiie shape and tiie 
extent of the region perrr.eated 'oy the water spray. 
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The engine v/aG fired for one cycls only ior each test run. 
An jlectric motor kept the engine speed constant until the firing 
cycle occurred, a single-cycle clutch was engaged at the beginning 
of the firing cycle between the engine crankshaft and an accessory 
sliait to inject a single charge of fuel into the cylinder on the 
intake stroke^ ignite the charge at the proper tinie^ and inject 
water at the predeterriiined injection angle. The cylinder ten'oera- 
ture was maintained by circulating heated glycerin through the 
engine^ jackets. Three spark pl^ags ?^ere used to bring the end zone 
into the desired position in front of the water-injection nozzle. 
The ignition timing was so set that the completion' of burning mth 
S-3 fuel occ\irred near top center. The water used for injection 
into the cylinder vms deaerated in order to avoid the fomatj.on of 
gas bubbles in the injection valve. The fuel-air ratio was set 
slightly richer than that reaj.iired for rnaxiraiJim Imock with S-J fuel. 
T^A-j valves v/ere used, each serving for both intake and exliaust. 
Press^ire-time records were obtained by pnoto,?;{ra-^hing an oscillo- 
scope screen. The input to the vertical plates' of the oscilloscope 
was -x'oduced by a piezoelectric press^ire .'-ickuo installed in the 
engine. 

Engine conditions held constait were: 
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A photograph ol the end zone a fev- engine crank-angle degrees 
before the end of c^rabustion is sh-^wn in ligure 2. The end zone as 
seen in figure Z is somewhat larger than the knocking end zone under 
the most severe conditionj iinpooed i.n the tests. The photographs 
in figm-es 1 and 2 are single frames from two series of pictures 
taken at )40^0uO fraraes per second vd-th the NACA high-speed camera 
and show the development of t'le water :3pray from the nozzle and the 
bvirning of the charge in the chambei-, respectively. In figure 2, 
the wator-Gpray outline obtained from f i;;ure 1 lias h-aen drara in 
to show its locatio.i with respect bo the end zone. 

Pressure-time records of fir:, ng cycles r.re shovm in figures 3 
to The lowest trace in each figure is a motoring trace taken 
jusb befom the firing cycles. 

The traces of two consecutive firin:^ cycles superimposed on 
tlie same fi]m are ^hovv^n in figm;e 3. The trace with the violent 
knock, designated "unquenched M-j;" in the figure, v^as taken vdth 

fuel .;ri. thout v^ater injection. The trace v^lth incipient knock 
and larger area under the trace, : designated "quenched U-y^ in the 
figure, was taken vdto M-;) fuel vrLth injection of i-^/ater at 

E.T.C. on the conpresGj.oM stroke. Tne vj-eight of ivator injected 
was three-tenths of the fuel weight. All of the operating condi- 
tions of the engine and oscilloscjoe were th'^ sarrie foi* the two runs 
of figure 3 except the water injection. The amplitude of the vibra- 
tions registered on th-j quenchei trace was considered to be indica- 
tive of inoioient knock because a lower amplitude of vibrations was 
not readily detected visually on ti.-j oscilloscope. The water-fuel 
ratio 01 Oo3 with injection at th.\ optimuia crank angle consistently 
gave incipient knock or no knock. The 0.3 water-fuel ratio v/as the 
lowest obtainable v;ith the water-dnjection system.; therefore, the 
smallest water quantity necessary to quench the knock was not deter- 
mined in this investigation. 

High'-speed motion pictures the quenched combuction of 
M-3 fuel indicated that the .inock did not occur in that part of the 
end zone permeated by the water, but that the incipient knock such 
as registered on tiio quenched trace in figure 3 came from a very 
small fraction of the charge located on either side of the i^^ter 
spray near the cylinder wall. If tlie small pockets of gas near the 
water- injection nozzle alongside th.e cylinder wall could have been 
sprayed with water, possibly all traces oi knock ^lould have been 
removed. 

Tfie pov/er loss resulting from severe k:iock is siiown in fig- 
ure 3- Thu two traces are nearly identical aporoximately to the 
point 77he re knock occurred in the unquenched .trace. The loss of 
energy witli^ heavy knock cannot be accounted for as being involved 
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in trie enerry of vibration of the ^>ases, because even after the 
vibrations have been nearly damp-jd out the unquenched pressure- 
time trrice remaijis about tne sa^e distance below the quenched 
trace. SoT;ie of the energy may be lost in the higher heat transfer 
through the cylinder walls viith heavy knock because of the greater 
scrubbing action of the gases on the chamber walls, as suggested 
by Witiirov/ and Rassweiler (reference 7)« The greatest portion of 
the energy loss might be accountable in the form of unreleased 
energy in unburnned carbon. Dioring every viDlent knocking run rrade 
in these tests, the engine released a large quantity of black smoke 
on the exhaust stroke. When the knock was reiuced to the incipient 
level, either by quenching or by increasing the antiknock value of 
the fuel, no traces of smoke were noted. l^acCoull (reference 3) 
has presented measurements of power loss with heavy knock. 

The traces of two firing cycles were superimposed in figure U 
to sliow that quenched M-J fuel produces as much power as unquenched 
S-J fuel. The octane ratings of M-J and fuels, as obtained 
from the A.S.T.M. (Motor) Method, are about 20 and 100, respectively. 
The quenched trace in figure U has a sharp rise apr^roximately at the 
point ivhere knock would occur in an unquenched cycle. The sudden 
rise in pressiire at that point is characteristic of al_l quenched 

runs. Motion pictures of these runs, however, do not show the 
characteristic vibrations in the bui^ned gases which accompany knocic. 
The trace for unquenched S-J fuel in figure h shows about the same 
amxplitude of knocking vibrations as does the trace in the same 
figui^e for quenched M-3 fuel. 

The traces shoim in figures 3 ^nd are representative of more 
than 50 traces taken under the same test conditions. The reproduc- 
ibility of the test data was very good; furthermore, the order of 
taking the two traces on the cards v;as reversed many times and 
identical results were obtained. 

The optimum angle for start of water injection with respect to 
knock was found to be critical; under the conditions of the tests, 
the optimum angle was from to 60^ B.T.C. on the com;pression 
stroke. The total time required for injection of water, as indicated 
by the high-speed photographs, yms to 10^ of crank angle. Start 
of injection even as late as B.T.C. did not give good results 
regardless of the quantity of water injected up to the capacity of 
the water-injection system, which v/as 3.6 t lines the fuel quantity, 
or 12 times the water used at the optimum angle. The large time 
lapse between knock and injection (^0^^ minimum angle) is not encour- 
aging from the consideration of applying the method to -U-ie conditions 
of flight. If the minim.um time between water injection and com- 
pletion of burning remains constcint for different engine speeds, the 
minimum angle of injection for good resi.-'lts vdll increase from 50'^ at 
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570 rpm to 2k^^ at ^SOO rvm. The jblerr- of injectin- water when 
the piston is near bottom center in such laanner that it will be 
concentrated in the end zone \Yhen the pisuon is at top center will 
be diiTicult. 

With injection of water between 60^ and l;^:?^ B.T.C, the quan- 
tity of v^ater required to prevent the M-3 fuel froiTi exceeding tho 
incipient knock limib increased r:ipidly froiTi 0.3 to y.b water-fuel 
ratio o As the injection angle wa.^. advanced beyond 1^2^ B.T.C. on 
the coiLpression stroke to <10^ A.T.G. on the intake stroke, the 
knock iiiteiisity conLinaously increased at a constant water-fuel 
ratio of 3.6$ also, the ilame speed deci-eased and Iciock occurred 
later in the cycle. The slower rate of b^orninc lowered the cycle 
efficiency considerably. Furthei.nore, soine cycles were drowned 
out with the 3.6 water-fuel ratio injected at 20^ A.T.C. on the 
intake stro ke . 

Injection earlier than 20^ .wT.C. on the intalce stroke was 
not possible because of mechanical limitations. Injection at this 
angle was as nearlj^ comix-rable wJ --h introducing the coolant into 
the manifold near the intake valve as possible with the apparatus 
used. In other engines, dependi.,g on the operating conditions, 
introducing the coolant into th^ jjianifold near the intake valve 
will req\iire different v/ater quantities for the same effective 
knock reduction. The 3^6 water-fuel ratio used on tnis apparatus., 
therefore, vShould noi. be used in making comparisons with other 
engines. 

In order to assiu"e as thoro^ '.^h a mixing of the water and the 
fuel-air ciiarge as possible, the plain valves used in the runs of 
figures 3 and U were reolaced by sl-irouded valves for the run of 
figure 5. The shrouded valves increased the turbulence, 'partic- 
ularly during the air intake. F:i -ure 5' is a pressui^e-time trace 
taken with M-3 fuel, 3.6 water-fuel ratio, water injection at 
20^ A.T.C. on tlie intake stroke, and all other conditions the sam.e 
as for tlie other runs. The knocl: intensity was not reduced appre- 
ciably from that produced by unqaenched M-3 fuel, as sliown in fig- 
ure 3. The rate of pressui^o rise during combustion was appreciably 
reduced as compared v/ith the pressure rise at the optimum injection 
angle (figs. 3 and j^), particularly during th-: earlier stages of 
combustion. \^'ith shrouded valves, the rate oj' pressure rise v/as 
considerably greater than vdth plain valves at the earliest injec- 
tion angle and the largest quantity 01 watei*. 
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SmMAEY OF RESULTS 

The following res^ilts w-- re oot dried from limited vratcr-injection 
tests conductcid on the NACA combustion apparatus at an engine oper- 
ating speed of ^70 rpm: 

la Injecting water into the end zone with a water-fuel ratio 
of 0.3 reduced the knock intensity of M-5 fuel to that 01 S-^ fuel 
without viater. 

2. The considerable pov^/er loss aGSOciat-^d with violent knock 
was prevented in the cycles in wh'.c^i the knock ^.vas quenched by 
.end- zone water injection. 

3. The optimum an,r!:le of water injection was critical. 
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Figure 1. - Photograpfi of ujoter spray in cotnbusf i on chamber 
after water injection was compi et e. Combustion 
has not taken place. Exposure time, 
25 m icroseconds^ 
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Fig. 2 
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Figure 2. - Location and shape of end zone a feuj engine 

crank-angle degrees before completion of burning. 
Exposure time, 25 microseconds; relative position 
of uater spray, shoun by dotted lines, tuas 
obtained from figure 1. 
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Figure 3, - Pressure-tine traces shoving effect of end-zone voter 

Injection on l<noclt. Quenched run: fuel, H-3: uater-fuel 
f<J[io, 0.3: uoter-inject ion angle (compression strol<el, 
59 B.T,C. Unquenched run: fuel, H-3: no voter. 



Quenched H-3 





> 
o 
> 



m 



' — Unquenched S-3 



Motoring trace- 



NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 



Figure 4. - Pressure-t ime traces comparing quenched H-3 fuel with 
unquenched 8-3 fuel. Quenched run: fuel, H-3; yater- 
fuel ratio, 0.3: uater-in ject ion angle (compress ion stroke), 
55* B.T.C. Unquenched run: fuel, S-3; no water. 
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Figure 5, - Press ure-t t me trace shout ng a firing cycle at a uery early 
uater-inject ion angle. Fuel, M-3: water-fuel ratio, 3.6; 
ufoter-inject ion angle (intake stroke), 20" A.T.C. 
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